Flows of cells growing as a quasimonolayer in a confined space can exhibit streaming, with narrow streams of fast-moving cells flowing around clusters of slowly moving cells. We observed and analyzed this phenomenon experimentally for E. coli bacteria proliferating in a microfluidic cell trap using timelapse microscopy. We also performed continuum modeling and discrete-element simulations to elucidate the mechanism behind the streaming instability. Our analysis demonstrates that streaming can be explained by the interplay between the slow adaptation of a cell to its local microenvironment and its mobility due to changes of cell-substrate contact forces. DOI: 10.1103/PhysRevLett.104.208101 PACS numbers: 87.18.Hf, 05.65.+b, 45.70.Vn Microorganisms employ a wide range of cooperative strategies for responding to adverse environmental conditions [1] [2] [3] [4] [5] . In many cases, these strategies lead to intricate patterns and complex shapes in bacterial colonies [6] [7] [8] . While such patterning is usually associated with longrange cell signaling and motility [9] , microorganisms are often found in dense communities where direct cellular contact plays an important role in the dynamics of colony formation [10, 11] . Moreover, bacteria often actively seek to aggregate in small cavities and crevices, which helps them to cope with environmental conditions [12, 13] . In our recent work [14] we studied orientational ordering of bacteria caused by their growth and ensuing hydrodynamic flow. Here, we use microfluidic traps to characterize a general streaming instability occurring in a confined colony of nonmotile bacteria. In order to investigate the mechanism driving the streaming instability, we develop a continuum model and complementary discrete-element simulations with cells modeled as growing and dividing soft spherocylinders which adapt their size and mobility to local microenvironments.
Microorganisms employ a wide range of cooperative strategies for responding to adverse environmental conditions [1] [2] [3] [4] [5] . In many cases, these strategies lead to intricate patterns and complex shapes in bacterial colonies [6] [7] [8] . While such patterning is usually associated with longrange cell signaling and motility [9] , microorganisms are often found in dense communities where direct cellular contact plays an important role in the dynamics of colony formation [10, 11] . Moreover, bacteria often actively seek to aggregate in small cavities and crevices, which helps them to cope with environmental conditions [12, 13] . In our recent work [14] we studied orientational ordering of bacteria caused by their growth and ensuing hydrodynamic flow. Here, we use microfluidic traps to characterize a general streaming instability occurring in a confined colony of nonmotile bacteria. In order to investigate the mechanism driving the streaming instability, we develop a continuum model and complementary discrete-element simulations with cells modeled as growing and dividing soft spherocylinders which adapt their size and mobility to local microenvironments.
In order to study bacterial colony growth in a confined environment, we constructed microfluidic devices featuring two types of traps (open and side) capable of sustaining a two-dimensional colony of nonmotile bacteria E. coli over many generations. Fig. 1(b) ].
In the beginning of each experiment we placed a few bacteria inside the trap and waited several hours (mean cell division time was about 20 min) until the colony grew and filled the trap region completely. The subsequent growth was balanced by a significant expansion flow towards the open boundaries of the trap. We found that the expansion flow of growing cells inside the traps was surprisingly nonuniform. This behavior was quantitatively analyzed by particle image velocimetry software MATPIV [15] . [16] ). The cell streams are dynamic [see Fig. 1(d)] ; the number and positions of streams fluctuate over the duration of a typical experiment. Similar results were obtained in side-trap experiments; see [16] . More detailed inspection of the cells inside the traps revealed that stagnant cells are generally thicker than rapidly moving cells comprising the streams. Furthermore, the cell size is strongly dependent on its distance from the open boundary of the trap: in the trap interior the cell diameter is only half of that near the open boundaries (where the diameter is about 1 m) [16] . There may be multiple factors which can cause this dependence, from nutrient depletion to waste accumulation and quorum signaling. Our estimate [16] gives the characteristic preferred carbon source depletion distance of the order of 25 m from the open boundary, which is consistent with the observed transition to smaller cell sizes.
The instability in cellular streams can be understood in terms of the interplay between the cell size and its mechanical properties. Since the trap height is nearly equal to the cell diameter, the mechanical interaction between the cells and the top and bottom walls of the trap affects their mobility. Under the same pressure gradient, smaller cells experience less drag and move faster, while larger cells experience higher drag and move slower. As cells move towards the open boundary, they grow larger in diameter, which leads to their reduced mobility. The streaming instability occurs when the growth rate of the diameter is comparable to the time a cell spends moving from the back of the trap to the open boundary. Under this condition, slowly moving cells grow larger and can effectively stop moving and form obstacles that permit streaming patterns to emerge for smaller, fast-moving cells.
We developed a continuum model of the colony dynamics which generalizes equations of two-dimensional incompressible fluid dynamics to include the effects of cell growth and drag force, the latter arising from the interaction of the cells with the floor and ceiling of the trap. We did not include the effects of cell shape and positiondependent growth rate in the model since they do not appear to be essential for the basic streaming mechanism. The incompressible ''cell fluid'' of constant density (scaled to 1) is described by the following equations (D=Dt @=@t þṽ Ár):
r Áṽ ¼ (3) withṽ the cell velocity field, p the pressure field, f a field characterizing cell diameter, gðfÞ an f-dependent coefficient of (top and bottom) drag for cells moving in the shallow trap, the rate of f adaptation to the local chemical environment, a coefficient of effective viscosity for cell flow, and the volumetric growth rate of the ''cell fluid.'' According to Eq. (2), cell ''diameter'' f of a cell at a fixed positionr reaches an equilibrium value cðrÞ that is chosen to be highest near an open boundary of the cell trap. Thus, stagnant cells become largest near the trap opening. The somewhat unusual form of the incompressibility equation (3) is due to the presence of a distributed mass source due to exponential cell growth. This equation can be used to find the hydrodynamic pressure p. We impose the boundary condition of a constant pressure at the open sides of the trap. The drag coefficient gðfÞ is assumed to nonlinearly increase with f, due to the appearance of strong contact friction between the cell and the trap for large cells. In all results given below we have used gðfÞ ¼ f 2 , although the specific form of the nonlinearity is not essential. We also neglect cell inertia and employ the overdamped limit for the momentum equation (Dṽ=Dt % 0).
The analysis simplifies considerably in the case of narrow-channel flow (small x dimension), where Eqs. (1)-(3) in the overdamped limit can be reduced to the onedimensional system
Equation ( This formula defines the flow velocity for a known field fðz; tÞ. The remaining Eq. (5) can be solved through a polynomial mode expansion fðz; tÞ ¼ P 1 n¼0 f n ðtÞz n , cðzÞ ¼ P 1 n¼0 c n z n and truncation to a finite-dimensional set of nonlinear ODEs (see [16] for the straightforward derivation). The numerical bifurcation analysis of the system using MATCONT [17] 
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208101-2 ments [16] . It is also interesting to note the possibility of bistable regimes (e.g., bistability between oscillations and uniform flow). The onset of cell streaming in the full two-dimensional model can be determined by the linear stability analysis of the transversally uniform flow with respect to small periodic in x perturbations. We consider here the case of the stationary zero-order solution, v ð0Þ ðzÞ, p ð0Þ ðzÞ and f ð0Þ ðzÞ. In the first order, these solutions are perturbed by the functions fṽ z ;ṽ x ;p;fg ¼ fVðzÞ; iV 0 ðzÞ=k; PðzÞ; FðzÞg Â expðikx þ tÞ (the velocity componentsṽ x ,ṽ z satisfy the incompressibility condition automatically). Substituting this ansatz in Eqs. (1)- (3) % ) also are required for the instability, such that adaptation to the chemical microenvironment occurs on a time scale comparable to cell division time. Finally, the streaming instability was found to be sensitive to the value of the coefficient of viscosity [ Fig. 2(c) ].
The two-dimensional continuum analysis of streaming addressed only the linear stability of uniform flow. In addition, the continuum model does not include granular effects, including cell shape [18] . We therefore performed discrete-element simulations (DES) of growing and dividing rodlike cells in a two-dimensional monolayer using a generalization of the soft-particle algorithm described in Ref. [14] . We introduced an internal variable f carried with each ''cell'' and inherited by its offspring. The variable f for each cell obeys the equation df=dt ¼ ðcðrÞ À fÞ analogous to Eq. (2) . Cells grow at a rate proportional to their length and divide on average at the length ' div . Escape of cells from the trap is treated by removing cells when their centers cross the open boundary of the trap.
Simulations for cells in a side-trap geometry provide an extension of the linear stability analysis presented above. In the parameter region corresponding to the linear instability we have found significant streaming (see Fig. 3 and [16] movies S6 and S7). Similar to experiment, the structures in simulations remain dynamic, allowing drifting, merging, and spontaneous creation of streams. Since in most simulations traps of moderate horizontal dimensions (up to 150 cell diameters) were explored, as expected, the granular effects played a significant role in stabilizing streaming instability for cells with relatively small aspect ratios (e.g., ' div ¼ 3). In particular, we found that the system could be bistable between uniform flow and streaming pattern [see Fig. 3(b) and 3(c) ]. These results demonstrate that the linear instability of uniform flow gives only a sufficient condition for streaming.
We also probed the effects of cell orientation on cell streaming by analyzing different cell aspect ratios. Longer cells within the streams tend to align their axis along the flow as expected [14] . This enhanced ordering locally reduces effective shear viscosity, since aligned long cells easily slide past each other (cell-cell friction is assumed small), and this further increases the intensity of streaming [see Fig. 3(d) and [16] 
Our theoretical and numerical results indicate that the streaming instability arises due to the strong dependence of cell mobility on its size due to drag from top and bottom of the trap. This implies that the streaming instability should be sensitive to the depth of the trap. Additional experiments in deeper traps (1:65 m) indeed demonstrated the loss of cell streaming [16] .
In summary, we have shown that flows of bacteria growing in confined spaces are prone to a streaming instability. The mechanism of the streaming instability is related to the coupling between the cell growth and mobility: larger cells experience greater drag force when moving 
FIG. 2 (color online).
Results of the continuum hydrodynamic model in the overdamped limit using cðzÞ within a confined space. Cell size, in turn, depends on local chemical environment. In our experiments, cells grow larger near the edge of the trap where the nutrient concentration is higher and waste concentration is lower. The longer the cell remains near the edge of the trap, the larger it becomes and the more difficult it becomes for it to leave the trap. Smaller cells, which are growing in the bulk of the colony, are forced to bypass the larger static cells and form narrow streams. These streams are reminiscent of SaffmanTaylor viscous fingers at an interface between two fluids with different viscosities [19, 20] . While we observed the streaming instability in laboratory strains of bacteria grown in microfluidic environments, we believe that the phenomenon is fairly generic and is likely to occur in dense colonies in natural habitats, since bacteria often are found in dense populations in small cavities and crevices where they from biofilms. Future investigations of streaming in biofilms may benefit from the inclusion of effects not included in the present investigation, such as cell-cell and cell-trap adhesion due to an extracellular polymeric matrix. More generally, the interplay between physical properties of cells and their mobility may play an important role in other examples of morphogenesis, such as invasive tumor growth [21] .
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